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Background: Glutamate mutase is an adenosylcobamide (coenzyme B12)
dependent enzyme that catalyzes the reversible rearrangement of
(2S)-glutamate to (2S,3S)-3-methylaspartate. The enzyme from Clostridium
tetanomorphum comprises two subunits (of 53.7 and 14.8 kDa) and in its
active form appears to be an α2β2 tetramer. The smaller subunit, termed MutS,
has been characterized as the B12-binding component. Knowledge on the
structure of a B12-binding apoenzyme does not exist.
Results: The solution structure and important dynamical aspects of MutS have
been determined from a heteronuclear NMR study. The global fold of MutS in
solution resembles that determined by X-ray crystallography for the B12-binding
domains of Escherichia coli methionine synthase and Propionibacterium
shermanii methylmalonyl CoA mutase. In these two proteins a histidine residue
displaces the endogenous cobalt-coordinating ligand of the B12 cofactor. In
MutS, however, the segment of the protein containing the conserved histidine
residue forms part of an unstructured and mobile extended loop.
Conclusions: A comparison of the crystal structures of two B12-binding
domains, with bound B12 cofactor, and the solution structure of the apoprotein
MutS has helped to clarify the mechanism of B12 binding. The major part of
MutS is preorganized for B12 binding, but the B12-binding site itself is only
partially formed. Upon binding B12, important elements of the binding site
appear to become structured, including an α helix that forms one side of the
cleft accommodating the nucleotide ‘tail’ of the cofactor.
Introduction
The adenosylcobamides, such as coenzyme B12 (1; Figure 1),
have always fascinated chemists and biologists alike [1,2], as
have the enzymic reactions in which these B12 derivatives
serve as cofactors. One of the secrets of these unique cobalt
complexes was revealed when coenzyme B12 was deter-
mined by X-ray analysis to be an organometallic compound
[3]. In coenzyme B12 a 5′-deoxyadenosyl group is attached
through the 5′-carbon to the upper face of the metal center
of the cobalt corrin, which, on the lower face, is coordinated
intramolecularly by its own unusual nucleotide function
(Figure 1). The cobalt–carbon bond of coenzyme B12 is
weak and readily undergoes homolysis resulting in the for-
mation of a 5′-deoxyadenosyl radical and cob(II)alamin [4].
This property of the coenzyme is crucial to its role as a
source of free radicals required to initiate the complex enzy-
matic reactions it catalyzes [5–7].
A second group of biologically relevant organometallic
B12 derivatives are the methylcobamides, such as methyl-
cobalamin (2; Figure 1), that function as cofactors in impor-
tant enzymatic methyl transfer reactions [8]. Crystallographic
analysis of the B12-binding domain (metH) of methionine
synthase (MetH) from Escherichia coli, revealed a further
unexpected facet of B12 biochemistry [9]. The dimethyl-
benzimidazole moiety, that provides the axial ligand to
cobalt in methylcobalamin, no longer coordinates the
metal, but is buried within a cleft in the protein. In its
place, a histidine residue from the protein provides the
axial ligand to give a ‘base-off/His-on’ form of the methyl-
Co(III)corrin methylcobalamin. The histidine residue
participates in a hydrogen-bonding network with an
aspartate and a serine residue to form a His-Asp-Ser
‘regulatory triad’, that may modulate the coordination
state of the cobalt during the catalytic cycle [10]. The first
two residues of this triad are part of the Asp-x-His-x-x-
Gly sequence motif, now recognized to be characteristic
of some [11] (but not all [12]) B12-dependent enzymes (see
Figure 2). Indeed, the crystal structure of adenosylcob-
alamin-dependent methylmalonyl CoA mutase (MMCM)
from Propionibacterium shermanii again showed the coen-
zyme to be bound in a base-off/His-on mode [13]. Here,
the regulatory triad involves His-Asp-Lys in a hydrogen-
bonding arrangement strikingly similar to the situation
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seen in MetH [14]. The bond between the cobalt center
and the histidine nitrogen in MMCM, however, is much
longer than that in MetH [14], suggesting an unexpect-
edly strained axial coordination [15].
The first adenosylcobamide-dependent enzyme to be
discovered, glutamate mutase (GM) from Clostridium teta-
nomorphum [1], catalyzes the rearrangement of (2S)-gluta-
mate to (2S,3S)-3-methylaspartate (see Figure 3). As iso-
lated from C. tetanomorphum, GM has been shown to carry
5′-deoxyadenosyl-adeninylcobamide (1b; Figure 1) as cofac-
tor, in which adenine replaces the 5′,6′-dimethylbenzimid-
azole base of coenzyme B12 (see Figure 1). In contrast to
MMCM, in which a single peptide chain comprises both
the B12-binding and the substrate-binding domains, GMs
from Clostridia are heterooligomeric enzymes, consisting
of two functionally distinct protein subunits [16,17]. GM
from C. tetanomorphum contains two types of subunit:
MutE, which forms a tightly associated homodimer, and
MutS [16]. GM from Clostridium cochlearium is built up
similarly from the corresponding components GlmE and
GlmS [17]. The active form of GM from C. tetanomorphum
is indicated to be an E2S2 heterotetramer that binds up to
two molecules of coenzyme B12. Both subunits are required
for tight coenzyme binding, but MutS appears to contain
the majority of the binding determinants, including the
Asp-x-His-x-x-Gly sequence motif. Both subunits have
been cloned and overexpressed, allowing them to be
studied separately [11,18] and the recombinant holo-
enzyme to be characterized [17,19].
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Figure 1
The chemical structures of B12 derivatives.
The general formula is given on the left,
variation of the organic ligand R and/or of the
nucleotide base gives rise to the different
organometallic cobamides: coenzyme B12 (1),
5′-deoxy-5′-adenosyl-adeninylcobamide
(pseudo-coenzyme B12; 1b) and
methylcobalamin (2).
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Figure 2
Amino acid sequence alignment of four B12-
binding proteins. The deduced amino acid
sequence of MutS of GM from C.
tetanomorphum (mutS_Ct) is aligned with the
B12-binding subunit of GM from C.
cochlearium (glmS_Cc) (82% sequence
identity with MutS), the B12-binding domain of
MMCM from P. shermanii (residues
595–726; mutB_Ps), and the B12-binding
domain of MetH from E. coli (residues
744–878; metH_Ec). The sequence identity
of MutS with the B12-binding domains of
MMCM and MetH is 31% and 19%,
respectively. Invariant residues are shown in
bold type. The numbering is given for the
MutS sequence.
10           20           30           40           50
mutS_Ct    <MEKKTIVLGV   IGSDCHAVGN   KILDHSFTNA   GFNVVNIGVL   SSQEDFINAA  50
glmS_Cc    <MEKKTIVLGV   IGSDCHAVGN   KILDHAFTNA   GFNVVNIGVL   SPQEVFIKAA  50
mutB_Ps     GRRPRILLAK   MGQDGHDRGQ   KVIATAYADL   GFD VDVGPL   F QTPEETAR 642
metH_Ec     KTNGKMVIAT   VKGDVHDIGK   NIVGVVLQCN   NYEIVDLGVM   VPAEKILRTA 793
60           70           80           90          100
mutS_Ct   IETKAD  LICV   SSLYGQGEID   CKGLREKCDE   AGLKGIKLFV   GGNIVVGKQN 100
glmS_Cc   IETKAD  AILL   SSLYGQGEID   CKGLRQKCDE   AGLEGILLYV   GGNIVVGKQH 100
mutB_Ps   QAVEADVHVVGV   SSLAGGHLTL   VPALRKELDK   LGRPDILITV   GG  VIPEQD 692
metH_Ec   KEVNAD  LIGL   SGLITPSLDE   MVNVAKEMER   QGFT IPLLI   GGATTSKAHT 842
110          120          130
mutS_Ct     WPDVEQRFKA   MGFDRVYPPG  T SPETTIADM   KEVLGVE> 137
glmS_Cc     WPDVEKRFKD   MGYDRVYAPG  T PPEVGIADL   KKDLNIE> 137
mutB_Ps     FD  ELR KD    GAVEIYTPG  TVIPESAISLV   KKLRASL 726
metH_Ec     AVKIEQNYS     GPTVYVQNA  SRTVGVVAALL   SDTQRDD 878 Structure
We report here the detailed analysis by heteronuclear NMR
spectroscopy of MutS, the B12-binding domain of GM
from C. tetanomorphum. This study represents the first struc-
tural analysis of a corrinoid-free B12-binding protein. From
the NMR analysis important additional insights into the
dynamic behavior of this apoprotein have been obtained.
Results
NMR analyses and structure calculations
Uniformly 15N-labeled MutS was prepared as described
in the Materials and methods section. For the NMR
analysis, 1–1.5 mM buffered solutions (pH 6) of uni-
formly 15N-labeled MutS in 90% H2O/10% D2O were
prepared and spectra recorded at 26°C. Initial inspection
of the sensitivity-enhanced two-dimensional (2D) 15N
hetronuclear single quantum coherence (HSQC) [20,21]
spectrum (Figure 4) indicated that MutS adopted a well-
defined structure in aqueous solution. For the 133 non-
proline residues of MutS, signals for 124 backbone amide
functions were observed under the experimental condi-
tions used; for nine backbone amide groups a signal was
not seen, presumably due to fast exchange with bulk
water at pH 6.0 and/or rapid conformational change.
Sequential assignment of spin systems followed the well-
established strategy [22]. 1H and 15N resonance assign-
ments were obtained from a series of homo- and hetero-
nuclear experiments. Spin systems were identified in the
three-dimensional (3D) 15N total correlation spectroscopy
(TOCSY)-HSQC [23] spectrum and sequentially assigned
by combining this information with 3D 15N nuclear Over-
hauser effect spectroscopy (NOESY)-HSQC [23], 3D 15N
HSQC-NOESY-HSQC [24] and 2D symmetrically shifted
(SS) NOESY [25] spectra. Isotope filter techniques [26,27]
were used in a 2D 15N-filtered NOESY spectrum (where
only aromatic/aliphatic NOEs can be detected) to disen-
tangle NOESY peaks in the downfield region of the proton
spectra. This strategy allowed the signal assignment of the
spin systems of 119 residues.
Elements of regular secondary structure were primarily
identified on the basis of cross-peak patterns observed in
homonuclear 2D NOESY, 15N-filtered 2D NOESY, 3D
15N NOESY-HSQC and 3D 15N HSQC-NOESY-HSQC
spectra. Strong sequential Hα(i–1) – HN(i) NOE connec-
tivities were found for residues with β-strand confor-
mation, whereas α helices were identified by strong
HN(i) – HN(i + 1) NOEs (Table 1). Helical conformation
is further supported by the presence of Hα(i) – HN(i + 3),
Hα(i) – HN(i + 4) and HN(i) – HN(i + 2) connectivities. In
addition, diagnostic ∆Hα ‘secondary shifts’ (i.e. the differ-
ence in chemical shift between experimental Hα and
random coil values [28,29]) have been detected when
residues are located in elements of secondary or tertiary
structure (in an α helix Hα resonances experience an
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Figure 3
Glutamate mutase (GM) catalyzes a carbon
skeleton rearrangement reaction that
interconverts (S)-glutamate and (2S,3S)-3-
methylaspartate (numbering of carbon centers
refers to their position in glutamate).
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Figure 4
Section of the 15N–1H HSQC spectrum of 15N-labeled MutS. The
spectrum was acquired using a pulse sequence which eliminates the
sidechain NH2 resonances [20]. Arginine sidechain resonances (Hε),
which are folded into the spectrum, are indicated by dashed boxes
(chemical shift values with δH(H2O)int = 4.68 ppm; δN(NH3)ext = 0 ppm).
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upfield shift, but a downfield shift in β sheets). As can be
seen by inspection of Figure 5, there is good agreement
between the ∆Hα secondary shifts and secondary structure
elements assigned from NOE data. Additional spectral
information was extracted from 3J(HNHα) coupling con-
stants and amide proton attenuation factors (described in
the Materials and methods section).
A family of structures was calculated using the procedures
described in the Materials and methods section. First, an
initial ensemble of structures was generated using dis-
tance geometry, followed by restrained simulated annealing
that applied 412 NOE-derived distance restraints to a
structure with randomized backbone dihedral angles and
extended sidechains. Subsequent iterations were performed
by repeating the simulated-annealing refinement protocol
on 50 structures from this ensemble using new NMR input
data and including hydrogen-bond and dihedral angle
restraints. The resulting 27 structures with a minimum of
restraint violations were used for a final refinement, using a
total of 991 experimentally derived restraints giving an
average of 7.2 restraints per residue. These consisted of 878
interproton distances (125 long-range, 119 medium-range,
299 sequential and 335 intraresidue NOEs), 56 hydrogen-
bond restraints and 57 dihedral angle restraints (Table 1).
The resulting bundle of 15 structures, with a minimum of
restraint violations and minimal energy overlays to the
average structure with a backbone root mean square devia-
tion (rmsd) of 1.33 ± 0.4 Å, is shown in Figure 6a. Analysis
of the dihedral angles φ and ψ of the 15 structures with
PROCHECK-NMR [30] shows that 98.9% of these angles
fall within the allowed regions.
Global description of the structures
The overall structure of MutS is shown in Figure 6. The
core of the molecule consists of a five-stranded twisted
parallel β sheet (β1, residues 5–10; β2, residues 33–37; β3,
residues 57–62; β4, residues 87–91; and β5, residues
114–117) flanked by four α helices (α2, residues 43–54;
α3, residues 68–80; α4, residues 102–111; and α5, residues
123–135). These secondary structure elements are referred
to using the labels used for the description of the crystal
structures of the B12-binding domains of MetH [9,10] and
MMCM [13]. An α helix that would correspond to helix
α1 of metH and MMCM is lacking in MutS, and this
segment of the protein is highly dynamic and rather
unstructured. The five-stranded β sheet of MutS has the
same topology as that of the B12-binding domains of MetH
and MMCM, with the strand order β2-β1-β3-β4-β5. The
α helices are packed against both sides of the β sheet,
with helices α2, α3 and α4 on one side of the β sheet and
the C-terminal helix (α5) on its other side. Each β strand
contributes hydrophobic sidechains to pack against the
α helices in two hydrophobic core regions — one on each
side of the β sheet.
Of the 137 residues in MutS, ~20% are involved in β sheet
structure, ~35% contribute to helices and ~25% form turns
between strands and α helices. The remaining ~20% of
residues appear to exhibit dynamic behavior and do not par-
ticipate in elements of regular secondary structure. The less
well-defined regions of the protein comprise residues
Ser13–Phe27 and Asn93–Trp101 as well as N-terminal and
C-terminal residues of the protein (discussed below).
Backbone dynamics
NMR relaxation studies are particularly useful for obtain-
ing detailed information on the internal motions occurring
1024 Structure 1998, Vol 6 No 8
Table 1
Structural statistics for the final 15 MutS structures.
Experimental restraints 991
intraresidue 335
interresidue sequential (|i–j| = 1) 299
interresidue medium-range (2 ≤ |i–j| ≤ 4) 119
interresidue long-range (|i–j| > 4) 125
dihedral angle restraints 57
hydrogen bonds 56
Average rmsds from experimental restraints*
distance restraints (Å) 0.019 ± 0.001
dihedral angle restraints (°) 0.095 ± 0.018
Average rmsds from idealized covalent geometry
bonds (Å) × 102 1.06 ± 0.01
angles (°) 2.85 ± 0.05
impropers (°) 2.61 ± 0.07
X-PLOR energies†
average EL–J (kcal mol–1) –1229 ± 29
PROCHECK‡
residues in allowed regions of 
Ramachandran plot (%) 98.9
Atomic rmsd (Å)§
residues 5–12, 28–91, 102–135
backbone/heavy atom 1.12 ± 0.4/1.55 ± 0.6
residues 5–136
backbone/heavy atom 1.33 ± 0.4/1.79 ± 0.5
Atomic rmsd (Å)¶ in comparison with
mutB# 2.14
metH¥ 2.65
*None of the structures exhibited distance violations greater than 1.0 Å
or dihedral angle violations greater than 5.0°. †EL–J is the
Lennard–Jones van der Waals energy calculated with the CHARMM
force field [62]. ‡The program PROCHECK-NMR [31] was used to
assess the overall quality of the structures. The PROCHECK statistics
apply to the ordered regions of MutS, comprising residues 5–12,
28–91 and 102–136. §Pairwise root mean square deviations (rmsds)
relative to mean coordinates, resulting from the superposition of
backbone atoms N, Cα and C for the given range of residues; rms
values were calculated for backbone atoms (N, Cα, C) and for heavy
atoms (all nonhydrogen atoms), respectively. ¶Pairwise rmsds between
backbone atoms (N, Cα, C) of MutS (mean coordinates) and
mutB/metH, calculated from a superposition of backbone atoms of
residues participating in elements of secondary structure as defined in
the text (β1–β5, α2–α5). #mutB, B12-binding C-terminal domain of the
α subunit of MMCM from P. shermanii; ¥metH, B12-binding C-terminal
domain of MetH from E. coli.
in proteins [31]. To characterize the motional properties of
MutS, the relaxation parameters of the backbone amide
groups were measured and analyzed. Analysis of 15N T1
and T2 relaxation times and steady-state 1H–15N NOE
enhancements was performed using the model-free approach
of Lipari and Szabo [32,33]. This approach assumes that
the overall tumbling of the macromolecule is isotropic,
which is supported for the MutS protein by the relative
uniformity of crucial 15N relaxation parameters. Of the 133
possible correlations involving backbone amide protons,
relaxation data were obtained for 102 amide groups. The
overall correlation time τm of MutS was determined using
the method described by Farrow et al. [20] and was calcu-
lated as τm = 8.7 ± 0.6 ns. 
Measurement of 15N relaxation behavior provides dynamic
information in the picosecond to nanosecond timescale
(‘fast’ motions) as well as in the microsecond to millisec-
ond timescale (‘slow’ motions) [34]. Order parameters, S2,
are sensitive to internal motions which are faster than the
overall motion of the molecule, characterized by τm. The
value of S2 (0 ≤ S2 ≤ 1) describes the degree of spatial
restriction of the internal motion of the 1H–15N bond
vector (S2 = 0 if the internal motion is isotropic, S2 = 1 if
the motion is completely restricted). The values of the
order parameters S2 are plotted against residue number in
Figure 7a. The average value of S2 over residues partici-
pating in elements of regular secondary structure (β1–β5,
α2–α5) is 0.82 ± 0.05, in good agreement with values
reported for secondary structure elements of other pro-
teins [31]. The average value of S2 over all residues con-
sidered is only slightly smaller (i.e. S2 = 0.79 ± 0.05). The
first residue at the N terminus of the protein for which an
order parameter could be calculated was Lys3, with an S2
of 0.39 ± 0.01, followed by Lys4 (S2 = 0.50 ± 0.02), indi-
cating that these residues exhibit considerable disorder
on a picosecond to nanosecond timescale. These data
suggest that the N terminus of the protein is significantly
less structured than other regions of the protein. In con-
trast, the relatively high order parameters for residues
near the C-terminal region of the protein, which is
involved in helix α5, indicate less mobility. Only the last
residue at the C terminus of MutS (Glu137) exhibits a
lower than average order parameter (S2 = 0.51 ± 0.02).
Residues between Ser13 and Gly19, which include the
cobalt-coordinating His16, have significantly lower than
average order parameters. These data indicate that this
important segment of MutS is not rigid in solution, but
is involved in significant mobility on a fast timescale
involving a range of conformations. Other residues exhibit-
ing relatively low order parameters (S2 < 0.70) include
Gly38, Leu83 and Val104; all these residues are either
located within loop regions or at the termini of secondary
structure elements.
The 15N magnetic relaxation data were also interpreted in
terms of the simplified method proposed by Habazettl
and Wagner [35] which detects the presence of slow
motions (on the microsecond to millisecond timescale) by
higher than average 2/T2–1/T1values. The 2/T2–1/T1
values for backbone amide 15N nuclei of MutS are plotted
against residue number in Figure 7b. The average value
of 2/T2–1/T1 for all residues is 19.1 ± 4.0 Hz, with a good
correlation between 2/T2–1/T1 values and elements of
regular secondary structure. It is evident from Figure 7b,
however, that some parts of the protein show distinctly
high 2/T2–1/T1 values, including residues Ile22, Leu23,
Asp24, His25, Gly92, Ile94 and Gly97. These regions of
MutS are involved in significant (slow) backbone motions.
In addition, residues Leu8, Gly9, Ile11, Thr28, Gln106,
Gly120, Thr125, Thr126 and Ile127 also exhibit some-
what higher than average 2/T2–1/T1 values. Residues
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Figure 5
Experimental values of ∆Hα proton secondary
shifts versus amino acid sequence of MutS.
Elements of regular secondary structure are
indicated by labeled bars.
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Leu8–Ile11 form part of strand β1 and residues Thr125–
Ile127 are part of helix α5; both β1 and α5 appear to be well
structured.
Hydrogen exchange
Chemical exchange between backbone amide hydrogens
and the solvent was probed using saturation transfer
experiments, from which the degree of signal attenuation
upon solvent irradiation could be derived. Attenuation
factors were obtained as the ratios of the signal intensities
in two experiments, with and without presaturation of
the water resonance [36] respectively, and are illustrated
in Figure 7c. These data allow for a qualitative description
of the hydrogen exchange characteristics of the protein.
In well-structured regions of the protein, the attenua-
tion factor is quite uniform, with values between ~0.7 and
~0.9. Residues with significantly lower values include
the N-terminal residues Lys3 and Lys4 (with attenuation
factors of 0.49 and 0.53, respectively), as well as C-termi-
nal Glu137 (0.64). In addition, residues Gly12, Ser13,
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Figure 6
NMR solution structure(s) of MutS. (a)
Stereoview of the backbone N, Cα and C
atoms of the 15 NMR-derived structures of
MutS. β Strands are colored blue, α helices
red, and loops and dynamic segments are in
gray. The sidechain of residue His16 is
represented as a stick drawing (green). The N
and C termini are indicated. (b) Stereoview of
one representative structure from the family of
15 final structures (i.e. the structure with
minimal restraint violations). Only the Cα trace
of MutS is shown; every tenth Cα atom is
highlighted and labeled with its residue
number. (c) Stereoview ribbon representation
of the structure shown in (b). Elements of
regular secondary structure are indicated in
blue (β strands) or red/yellow (α helices) and
labeled using the scheme used earlier for the
description of the crystal structures of the
B12-binding domains of MetH [9,10] and
MMCM [13]. The sidechain of residue His16
is represented as a stick drawing (green).
(The figures were generated using the
program MOLMOL [63].)
Asp14, Ala17, Val18, Gly19, Lys21, Gly38, Ser41, Gly92,
Ile94, Gly97, Gly120, Thr121 and Ser122 exhibit signifi-
cantly lower than average attenuation factors. 
For residues which are involved in elements of regular
secondary structure the correlation of relatively low con-
formational flexibility over a wide range of timescales
(high order parameters S2 and low 2/T2–1/T1 values) and
slow amide proton exchange (high attenuation factors) is
consistent with the formation of hydrogen bonds in solu-
tion. On the other hand, for residues Gly38, Gly92 Ile94
and Gly97 and for residues between Gly12 and Lys21
rapid amide proton exchange correlates with confor-
mational flexibility (low order parameters S2 or high
2/T2–1/T1 values). 
Residues Gly120, Thr121 and Ser122, which are part of
the loop between strand β5 and helix α5, are not involved
Research Article  B12-free glutamate mutase Tollinger et al. 1027
Figure 7
NMR characteristics of backbone amide
nitrogens and protons including model-free
parameters of MutS. (a) Order parameters S2
(15N) versus amino acid sequence; gaps
indicate missing data (see text for details).
Elements of regular secondary structure are
indicated by gray bars and labeled. (b)
2/T2–1/T1 values of backbone amide
nitrogens. (c) Amide proton attenuation
factors of MutS as a function of residue
number. 
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in significant backbone motions; their low attenuation
factors indicate that amide protons of these residues are
accessible to solvent and are not involved in strong
intramolecular hydrogen-bond formation.
Discussion
The smaller subunit of GM of C. tetanomorphum, MutS,
is believed to play an important role in binding the
adenosylcobamide cofactor [11]. Evidence for this is pro-
vided by the overall sequence similarity and conserva-
tion of key amino acid residues known to be involved in
cobalt coordination in B12-binding proteins [13,14], and
by the decrease in the affinity for coenzyme and impair-
ment of enzyme activity when these residues are mutated
[16,19,37]. Secondary structure prediction based on the
Garnier–Osguthorpe–Robson algorithm [38] initially sug-
gested a pattern of alternating β sheet and α helical
structural elements [11], typical of the Rossmann fold of
nucleotide-binding proteins [39,40]. Later, this prediction
was verified for the B12-binding domains of MetH from
E. coli [9,10,14] and MMCM from P. shermanii [13,41].
As reported here, heteronuclear NMR experiments have
revealed MutS to adopt a well-defined structure in
aqueous solution at ambient temperatures. At about 1 mM
concentration, the overall correlation time τm of MutS was
determined as 8.7 ± 0.6 ns from 15N–T1 and 15N–T2 mea-
surements. This value is in good agreement with the value
expected for the monomeric form of MutS [31].
A stereoview of the 15 NMR-derived structures (Figure 6a)
reveals that the main body of the protein is well defined,
although a number of disordered regions are present. The
solution structure of MutS features a β sheet consisting
of five parallel β strands in the core surrounded by four
α helices. The protein exhibits a fold very similar to the
B12-binding domains of MMCM and MetH, with which it
shares significant sequence similarity (see Figure 2). For
comparison, ribbon diagrams of the 3D structures of the
B12-binding domains of MMCM and MetH are shown
together with the structure of MutS in Figure 8. The global
fold of the three structures is strikingly similar, with the
important exception of the unstructured and highly mobile
segment of residues (13–27) in MutS (discussed below).
The core structure of all three proteins comprises a β sheet
of five parallel β strands. In MMCM and the B12-binding
domain of MetH this β sheet is surrounded by five α helices,
but only four α helices are present in MutS. The fold of all
three B12-binding domains resembles that of the nucleo-
tide-binding proteins (the Rossmann fold [39,40]). The
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Figure 8
Structural comparison of the B12-binding domains of several B12-
dependent enzymes. Ribbon depictions of (a) the crystal structure of
the B12-binding domain (mutB; residues 595–726) of the α subunit of
MMCM from P. shermanii [13], (b) the solution structure of MutS from
C. tetanomorphum (representative structure from the family of 15 final
structures), and (c) the crystal structure of the B12-binding domain
(metH; residues 744–874) of MetH from E. coli [9,10]. Elements of
regular secondary structure are indicated as blue arrows (β strands)
and red/yellow ribbons (α helices). Sidechain heavy atoms of the
cobalt coordinating residues His610 (MMCM), His16 (MutS) and
His759 (metH) and the bound corrinoid cofactors of MMCM and metH
are represented as stick drawings (green). (The figure was prepared
using the program MOLMOL [63].)
secondary and tertiary structures of these B12-binding
domains exhibit such an intriguing similarity to that of
nucleotide-binding proteins, that the B12 cofactor methyl-
cobalamin may be considered to behave as an ‘ordinary’
dinucleotide in the global binding to its apoenzymes [42].
GM from C. tetanomorphum and MMCM from P. shermanii
are related to each other, both in terms of their enzymic
functions and by sequence similarity. This is also reflected
in the structures of their B12-binding domains: MutS is
more closely related to the B12-binding domain of MMCM
(mutB) than to the B12-binding domain (metH) of MetH.
The backbone heavy atoms of residues participating in
elements of regular secondary structure (β1–β5, α2–α5) of
MutS and mutB superimpose with an rmsd of 2.14 Å (see
Figure 9). The position of helix α5 with respect to the
β sheet is of specific interest, as helix α5 and the β sheet
line the hydrophobic binding cleft for the nucleotide tail
of the corrinoid cofactor. The available data indicate that
helix α5 and the β sheet change their relative position
insignificantly. According to the comparison between MutS
and mutB, helix α5 and the β sheet open up the nucleo-
tide-binding cleft by no more than ~0.6 Å upon binding of
the corrinoid cofactor, well within the estimated rmsd
among the MutS structures.
A corresponding structural comparison between the sec-
ondary structure elements in MutS and those of the MetH
B12-binding domain reveals a somewhat larger rmsd of
2.65 Å. This difference can be attributed mainly to the ori-
entation of helix α4, which makes no contacts with the B12
cofactor, but whose relative orientation is more similar in
the two mutases. 
An additional detail concerns the orientation of the side-
chains of residues participating in strand β5. Several of
these sidechains are involved in forming the binding cleft
for the nucleotide tail in the holoenzyme. In mutB, the
aromatic sidechain of Tyr705 (conserved in the mutases
and corresponding to Tyr117 in MutS) is oriented parallel
to the dimethylbenzimidazole moiety of the coenzyme
and placed at a distance of ~3.5 Å, indicative of hydro-
phobic interactions. The aromatic sidechain of Tyr117 of
MutS points towards the presumed nucleotide-binding
cleft, adopting an orientation resembling that of Tyr705 in
mutB. In contrast, in the B12-binding domain of MetH
strand β5 appears to be ‘shifted’ by one residue towards
the N terminus of the protein. As a result, the aromatic
sidechain of Tyr856 does not form part of the hydrophobic
nucleotide-binding cleft, but instead points away from the
corrinoid cofactor and towards helix α4 and the other face
of the five-stranded β sheet.
The crystal structures of MMCM and metH show that
helix α1 forms part of the nucleotide-binding cleft and
provides residues that contact the nucleotide base. Some
residues of this helix also are at an interface with other
domains of the holoenzyme. In MutS, however, residues
18–30, that correspond to helix α1 in MMCM and metH,
form a disordered, mobile loop. The NMR data provide
remarkable evidence that this region undergoes inter-
conversions (on the microsecond to millisecond timescale)
between unstructured forms (i.e. random-coil conforma-
tions) and an α-helical conformation — that is, it exhibits
dynamic structural properties for which the term ‘nascent
helix’ has been adopted [43]. The ∆Hα secondary shifts of
sequentially assigned amino acid residues between Val18
and Ala30 are generally slightly negative (see Figure 5),
indicative of this segment having an α-helical structure.
This suggestion is further corroborated by the observation
of interresidue HN/HN NOEs, typical of an α-helix, and
by the dynamic behavior of backbone amide resonances
within this segment. The flexibility on the microsecond to
millisecond timescale can therefore presumably be attrib-
uted to an interconversion between unstructured forms
(i.e. random-coil conformations) and an α-helical confor-
mation. These criteria indicate that the C-terminal end of
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Figure 9
Effect of B12 binding on the protein tertiary structure of B12-dependent
enzymes — a comparison of MutS with mutB. The figure shows a
ribbon representation of mutB with residues colored according to the
pairwise root mean square deviation (rmsd): dark red, rmsd ≤ 1.5 Å;
intermediate intensities of red, 1.5 Å < rmsd < 3.5 Å; and white, rmsd
≥ 3.5 Å. The values were calculated from a superposition of backbone
atoms (N, Cα, C) of MutS (mean coordinates) with mutB, based on the
established elements of secondary structure in MutS as defined in the
text (β1–β5, α2–α5). (The figure was prepared using the program
MOLSCRIPT [64].)
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this dynamic segment (i.e. residues Thr28, Asn29 and
Ala30; Figure 9) exhibits a pronounced preference for
α-helical structure.
Residues 11–17 of MutS correspond to the loop between β1
and α1 in the MMCM and metH structures that contains
the invariant B12-binding Asp-x-His-x-x-Gly motif. The
importance of the MutS residues Asp14 and His16 in B12
binding and catalysis in GM has been demonstrated:
mutation of either Asp14 or His16 significantly weakens
coenzyme binding and slows catalysis ~1000-fold [19].
Likewise, His16 of GlmS, the B12-binding subunit of GM
from C. cochlearium (82% sequence identity with MutS),
has been shown by electron spin resonance (ESR) spec-
troscopy to provide the cobalt-coordinating sidechain in
this GM [44]. These findings suggest that upon binding
B12, residues His16 and Asp14 would be incorporated into a
similar hydrogen-bonding network and adopt a similar ori-
entation (i.e. cobalt-coordination of His16) to that observed
in the B12-binding domains of the holoenzymes MMCM
and MetH. As part of the highly mobile segment of MutS,
His16 occupies a place at the surface of this B12-binding
subunit at a position close to that of the corresponding histi-
dine residues in the crystalline analogs metH and MMCM.
A hydrogen bond is not discernible between His16 and
Asp14 in the solution structure of MutS, however. It will be
of interest to see if the crucial hydrogen bond between the
imidazole NH of His16 and the carboxylate function of
Asp14 will be found in the presence of coenzyme B12.
The fact that the residues between Ser13 and Phe27, which
include His16 (the cobalt-coordinating residue) appear dis-
ordered in the solution structure of MutS was unexpected.
NMR relaxation measurements, 15N magnetic relaxation
in particular, were used to show that the reason for this
disorder is not a lack of data, but the intrinsic flexibility of
these parts of the protein (see Figure 7). Our data on back-
bone dynamics indicate this segment to be disordered on a
wide timescale: residues between Ser13 and Gly19 are
indicated to be involved in fast motions (pecosecond to
nanosecond timescale), whereas large values for 2/T2 –1/T1
(see Figure 7b) indicate residues between Ile22 and His25
to be involved in slow motions (microsecond to millisecond
timescale). The fact that the spin systems between residues
Cys15 and Phe27 could only be partially assigned due to
the lack of sequential NOEs can thus be attributed to the
presence of conformational heterogeneity.
Residues Gly92, Ile94 and Gly97, that are part of the
loop connecting strand β4 and helix α4, also appear to be
particularly mobile, with motion occurring in the micro-
second to millisecond timescale. Resonances could only
be partially assigned for this segment, which can be
attributed to the presence of rapid backbone dynamics
and fast exchange of amide protons with water. Interest-
ingly, in MutS this loop between β4 and α4 extends over
seven (resp. six residues more than the corresponding
loop in the crystal structures of MMCM and the MetH
B12-binding domain metH.
The limited restructuring of a nucleotide-binding apo-
protein upon binding of the cofactor has been observed
previously. One such example is provided by the NAD-
dependent formate dehydrogenase from the methyl-
otrophic bacterium Pseudomonas sp. 101 [45]. A com-
parison of the crystal structures of the holoenzyme and
apoenzyme revealed the binding of NAD to be accompa-
nied by the rigidification of the C terminus of this dehy-
drogenase. In the holoenzyme this region becomes
structured comprising an α helix positioned near the
binding site of the nicotinamide coenzyme.
The structural analysis of MutS in solution suggests that
the apoprotein is largely preorganized for incorporation
of the corrinoid cofactor. Only one large segment, which
is dynamically disordered in the apoprotein and which
contains the conserved and regulatory residues His16
and Asp14, is likely to be extensively restructured upon
binding of coenzyme B12 (as well as interacting with
other domains in the fully assembled holoprotein). In
this respect, the MutS B12 binding apoprotein may be
considered to represent an incompletely formed Ross-
mann fold. On the other hand, these studies support
earlier suggestions concerning the folding and B12-binding
properties of MutS [11]. The structure is in accord with a
model in which the organometallic B12 cofactor is bound
at the periphery of MutS, with its ‘upper’ (β face) turned
towards the outside of the subunit so that this face of the
coenzyme can interact with the ‘catalytic’ MutE protein
in the holoenzyme [19].
X-ray analyses revealed cobalamins to undergo a unique
constitutional restructuring upon binding to the B12-
binding domains of MetH and MMCM [9,13]. In the case
of MutS from C. tetanomorphum, the complementary con-
formational adaptation of the apoprotein is now indicated
from a structural analysis in solution. This work suggests
the binding of cobalamins and related ‘complete’ corri-
noids in their base-off/His-on form to be accompanied not
only by the coordination of the regulatory histidine, but
also by the closing-up of the nucleotide-binding cleft and
structuring of a flexible ‘lid’ in an otherwise largely pre-
organized B12-binding domain.
Biological implications
Glutamate mutase (GM) is one of a group of adenosyl-
cobamide-dependent enzymes that catalyze unusual 1,2-
rearrangements involving the intermediacy of an organic
radical. Coenzyme B12 is believed to trigger these enzy-
matic radical reactions. To understand how the protein
modulates the reactivity of the coenzyme requires an
understanding of its interactions with the apoenzyme.
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The crystal structures of two B12-dependent enzymes —
methylmalonyl CoA mutase (MMCM) and the B12-binding
domain of methionine synthase (MetH) — have begun
to shed light on the problem of how the corrinoid co-
enzymes interact with proteins. In these two enzymes, a
conserved B12-binding motif supplies a histidine ligand to
the cobalt-center of the corrinoid cofactor. This histidine
ligand displaces the endogenous nucleotide ligand of the
coenzyme, which is instead buried in a cleft of the protein.
We report here the solution structure of MutS — the B12-
binding subunit of GM — from Clostridium tetanomor-
phum. Our studies on MutS provide the first structure of
the conserved B12-binding domain to be obtained in the
absence of coenzyme. The overall structure of MutS is
very similar to that of the corresponding B12-binding
domains of MMCM and MetH with bound coenzyme.
Nevertheless, some significant differences provide insight
into the mechanism by which the protein binds the coen-
zyme. In particular, a segment of the protein that con-
tains a conserved B12-binding motif (Asp-x-His-x-x-Gly)
is largely unstructured in MutS, and residues 18–30 form
a nascent helix, equilibrating between α-helical and
random-coil structures. The corresponding regions of
MMCM and MetH contain the B12-binding motif and
the well-structured helix α1, which forms one side of the
nucleotide-binding cleft in these holoproteins. Upon
binding of B12 to MutS, helix α1 is presumably stabilized
by packing against the nucleotide tail of the coenzyme,
thereby completing the hydrophobic cleft. At the same
time, formation of helix α1 could bring His16 into the
correct orientation to coordinate cobalt and to form an
hydrogen-bond to Asp14, a crucial element of the ‘regula-
tory’ triad. Accordingly, both the protein and the corri-
noid cofactor alter their structure considerably when
binding to each other.
Binding a large molecule, such as adenosylcobalamin,
poses considerable topographical problems for a protein.
This is illustrated in MMCM, where the coenzyme is
enclosed within the protein. Extensive reorganization
of the protein structure must therefore accompany
cofactor binding. Analysis of the B12-binding apo-
protein MutS has provided the first structural clues as
to this complex assembly process. In addition, these
studies further demonstrate the complementary nature
of NMR and X-ray crystallography as tools for investi-
gating biological structures.
Materials and methods
Preparation of 15N-labeled MutS protein
(15NH4)2SO4, 98% enriched with 15N, was purchased from Aldrich
Chemical Company. Uniformly 15N-labeled MutS was prepared by
growing E. coli BL21 (DE3) harboring the plasmid pmutSX [16] on the
minimal medium described by Batey et al. [46]. The medium included
glycerol (21.5 g l–l), as the carbon source, 15N-labeled ammonium sulfate,
(0.66 g l–1), as the nitrogen source and ampicillin (100 mg l–1) to maintain
selection for the plasmid. Cultures were grown at 37°C and expression
of mutS induced by the addition of 200 mg l–1 of isopropyl-β-D-thiogalac-
topyranoside (IPTG) when cells reached an OD600 of 1.0. The cells were
allowed to grow to stationary phase and then harvested by centrifugation.
MutS was purified as described previously [16]; its kinetic and physical
properties were identical to those of the unlabeled protein.
NMR measurements
NMR experiments were performed on a Varian UNITYPlus 500 MHz
spectrometer equipped with a pulse field gradient unit and triple reso-
nance probes with actively shielded z gradients. Samples for the NMR
measurements typically contained 1–1.5 mM protein, 11 mM potas-
sium phosphate buffer, pH 6.0, 5 mM dithiothreitol in 90% H2O/10%
D2O. All spectra were recorded at 26°C.
Spectra recorded for spin system identification and sequential assign-
ment include 2D SS TOCSY (70 ms mixing time) [47], 2D SS
NOESY (160 ms mixing time) [26], 2D 15N-filtered NOESY (150 ms
mixing time) [27,28], sensitivity-enhanced 2D 15N HSQC [22], 3D
15N NOESY-HSQC (150 ms mixing time), 3D 15N TOCSY-HSQC
(75 ms mixing time) [24] and 3D 15N HSQC-NOESY-HSQC (150
ms mixing time) [25]. 
The SS TOCSY and SS NOESY spectra resulted from a (2 × 512 ×
1024 data matrix size), with 32 scans per t1 value, using a z filter prior
to acquisition and a 330 ms selective excitation pulse (SS readout
pulse with an excitation null at the water frequency). The TOCSY was
acquired using a decoupling in the presence of scalar interactions
(DIPSI)-2 [48] mixing sequence for isotropic mixing applied at an RF
power of γB2 = 7.5 kHz. The 15N-filtered NOESY spectrum resulted
from a (2 × 512 × 1024 data matrix size), with 96 scans per t1 value.
Heteronuclear 2D and 3D spectra were acquired using pulsed-field gra-
dients for coherence selection in combination with sensitivity enhance-
ment techniques. 15N WURST (wide band uniform rate and smooth
truncation) [49] decoupling using a RF power of γB2 = 900 Hz or 15N
GARP (globally optimized alternating-phase rectangular pulses) [50]
decoupling using a RF power of γB2 = 1.0 kHz was applied during acqui-
sition. The one-bond 1H–15N shift correlation (HSQC) spectrum resulted
from a 2 × 64 × 1024 data matrix size, with four scans per t1 value. The
15N NOESY-HSQC and 15N TOCSY-HSQC (both 4 × 64 × 32 × 1024
data matrix size, 16 scans per t1 value) were performed including a water
flip-back pulse to minimize the effects of radiation damping and solvent
exchange [51,52]. The 15N HSQC-NOESY-HSQC resulted from a
4 × 32 × 32 × 1024 data matrix size. A 3D HNHA experiment
(4 × 64 × 32 × 1024 data matrix size, 16 scans per t1 value) [53] was
performed to measure 3J(HNHα) coupling constants. Carrier positions
employed in all experiments were 116.0 ppm for 15N and 4.68 ppm for
1H; spectral widths of 1650 Hz were employed in F2 (15N). To resolve
ambiguities in overlaid spin systems, an additional set of 2D and 3D
spectra with identical parameters but a smaller spectral width (412.5 Hz)
in F2 (15N) was recorded. Transmitter offset (121.5 ppm) and spectral
width in F2 were chosen to minimize spectral overlap due to folded
signals whilst maximizing resolution.
The pulse sequences used to record heteronuclear steady-state 1H–15N
NOE values and 15N T1 and T2 relaxation times were essentially the
same as described by Farrow et al. [20]. 15N T1 values were deter-
mined from spectra recorded with five different delay durations, 5.6,
166.5, 333.0, 499.5 and 721.5 ms. T2 values were derived from
spectra recorded with delays of 0.0, 15.7, 31.4, 62.8 and 94.2 ms. The
steady-state 1H–15N NOE values were determined from spectra
recorded with and without proton presaturation for 3 s. In the case of
the spectra without NOE (equilibrium nitrogen magnetization spectra),
a recycle delay of 8 s was employed, while a recycle delay of 5 s prior
to the 3 s proton presaturation was employed for the NOE spectra. A
recycle delay of 1s was employed in the measurement of 15N T1 and T2
values. The spectra resulted from a 2 × 128 × 1024 data matrix size
with 32 scans per complex t1 point. The steady-state 1H–15N NOE
Research Article  B12-free glutamate mutase Tollinger et al. 1031
enhancements were determined from the ratios of peak volumes with
and without presaturation. The 15N T1 and T2 values were obtained
from a nonlinear least-squares fit of an exponential curve to the decay
of the measured peak volumes. To measure the 15N attenuation factors
two sets of HSQC spectra with and without saturation of the water
signal were recorded with parameters identical to the sensitivity-
enhanced 2D 15N HSQC experiment. The attenuation factor was
obtained as the ratio of the signal intensities in these two experiments. 
Data processing
All NMR spectra were processed using NMRPipe software system
[54] and visualized and assigned using ANSIG software [55]. 2D
spectra were linearly predicted in t1, weighted by a phase-shifted sine
bell in t1 and t2, and zero-filled in each dimension prior to Fourier trans-
form (FT). 3D data sets were weighted by phase-shifted (squared) sine
bells in each dimension; the number of data points was doubled by
mirror image linear prediction (LP) in both indirect dimensions prior to
zero filling and FT. Peak integration was carried out using ANSIG soft-
ware and FELIX software [56].
Input restraints
The interproton distances were estimated from NOE intensities
observed in 2D SS NOESY and 3D 15N NOESY-HSQC spectra. NOE
intensities were calibrated to distances on the basis of short interproton
distances observed in elements of regular secondary structure or using
covalently fixed distances. They were classified as strong (1.8–2.7 Å),
medium (1.8–3.3 Å), weak (1.8–5 Å) and very weak (1.8–6 Å). For non-
stereospecifically assigned or equivalent protons, NOE distances were
assigned as a (Σr–6)–1/6 sum [57]. In structure calculations backbone
dihedral angle restraints which were derived from 3J(HNHα) coupling con-
stants were included for residues participating in elements of regular sec-
ondary structure, which were deduced from the NOE data and α-proton
secondary chemical shifts. Backbone dihedral angles φ were extracted
from 3J(HNHα) using the appropriate Karplus relation [58]. Amide proton
attenuation factors (i.e. the retardation of intermolecular exchange of
amide protons with bulk water) were used to monitor hydrogen-bonding
effects. Hydrogen bonds were then assigned between slowly exchanging
amide protons and their carbonyl acceptors for residues in elements of
secondary structure, for those amides for which a hydrogen-bond accep-
tor could be confidently identified from the previously identified sec-
ondary structural NOEs. All hydrogen bonds were explicitly defined as
distance restraints between backbone amide protons and carbonyl
oxygens, corresponding to limits of 1.8 to 2.8 Å. The exception to this
was a hydrogen-bond restraint between the hydroxyl proton of Tyr117
and the carboxy group of Asp129. The presence of a hydrogen bond can
be deduced from the spectral observation of the hydroxyl proton of
Tyr117, indicating slow intermolecular exchange and protection from
exchange which bulk water protons. A likely hydrogen-bond acceptor (i.e.
the carboxy function of Asp129) was identified through NOEs between
the hydroxyl proton of residue Tyr117 and sidechain protons Hα and Hβ
of residue Asp129. This hydrogen bond was defined as a distance
restraint between the hydrogen atom of the hydroxyl group of Tyr117 and
an oxygen atom of the carboxy function of Asp129, corresponding to
limits of 1.8 to 2.8 Å.
Structure calculations
3D structures were calculated using experimentally observed NOE
restraints in a standard distance geometry (DG)/simulated annealing
(SA)/refinement and energy-minimization protocol using X-PLOR soft-
ware (version 3.1) [59] on SGI Crimson and Indigo2 workstations. In the
first stage of the calculation an initial ensemble of 120 structures was
generated from a covalent template structure with randomized backbone
dihedral angles φ and ψ and extended sidechains using a DG protocol
[60] followed by restrained SA. In this first step a total of 412 NOE-
derived distance restraints was applied. 50 structures with a minimum of
restraint violations and minimal energy were selected for further SA and
SA refinement [59,61]. In the course of this process more NOE restraints
could be identified and introduced into the calculations. Thus, subse-
quent iterations were performed by repeating the SA/SA refinement 
protocol on this ensemble using new NMR input data. In addition, hydro-
gen-bond restraints and dihedral angle restraints were added to the input
restraints set. The resulting 27 structures with a minimum of restraint vio-
lations were used for final refinement using a restrained Powell energy
minimization with the CHARMM force field [62]. 
Accession numbers
The coordinates of the solution structure of MutS have been deposited
in the Brookhaven Protein Data Bank with accession code 1BE1.
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